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Introduction
Nuclear DNA is under continuous risk of being damaged, and 
elaborate repair systems have evolved to limit genomic instability. 
DNA double strand breaks (DSBs) and stalled replication forks 
giving rise to long stretches of single-stranded DNA are recogn-
ised by the PIKK family kinases ATM and ATR. Activated ATM 
or ATR dimers bind to the DNA and induce phosphorylation of 
many downstream proteins, such as H2A.X, 53BP1, MDC1, p53, 
Chk1 and Chk2, to both mark the location and instigate repair of 
the DNA damage.1 Phosphorylated H2A.X (γ-H2A.X) facilitates 
recruitment of MDC1 followed by RNF8 and RNF168, which 
ubiquinate H2A.X.2-5 Ubiquitylated γ-H2A.X appears to increase 
binding affinity for 53BP1, which binds at DSBs based upon expo-
sure of constitutively methylated lysine residues of histones 3 and 
4, which are only visible when a break alters chromatin structure, 
exposing the nucleosome core.4,6-8
53BP1 contains tandem TUDOR domains, which are required 
for focus formation9 and DSB recognition.10 The BRCT domain 
of 53BP1 is not necessary for recruitment to DSBs,7,11-13 but for 
interaction with p53.14 53BP1 localisation to sites of DNA dam-
age is necessary for subsequent BRCA1 localisation, which in turn 
facilitates ATM mediated phosphorylation of NBS1 and Chk2. 
This facilitates activation of p53 and p21, thus arresting the cell 
cycle until repair is completed.1
Early data suggested that a single DSB15 or a single uncapped 
telomere16 is sufficient to induce permanent cell cycle arrest, imply-
ing that all foci should disappear before a cell proceeds through a 
mitotic checkpoint. More recently, it has been indicated that mam-
malian cells are able to pass G
2
 checkpoint with several γ-H2A.X 
labelled breaks,17 and DNA damage foci were observed by γ-H2A.X 
immunofluorescence at metaphase chromosomes, suggesting that 
foci might persist through mitosis.18,19 To resolve this issue, we 
used a DNA damage response reporter system that allowed us to 
follow 53BP1 foci kinetics in live cells through mitosis.
Here we show that stable expression of a truncated 53BP1 
AcGFP fusion protein is compatible with unimpeded growth 
in human diploid fibroblasts and other cells. The fusion protein 
quantitatively reports on the localisation and kinetics of DSBs 
as identified by γ-H2A.X or total 53BP1 staining. We obtained 
quantitative kinetic data on DNA damage foci frequency, genera-
tion and resolution in human fibroblasts and fibrosarcoma cells. 
Following proliferating cells through the cell cycle, γ-H2A.X foci 
were retained during mitosis, but 53BP1 was rapidly and com-
pletely removed at the G
2
/M boundary, suggesting this as a nec-
essary prerequisite for cell division. Our data show that DNA 
damage foci are highly dynamic structures, and indicate that dur-
ing mitosis, signalling downstream of γ-H2A.X is impaired.
Results
We constructed the 53BP1 reporter protein AcGFP-53BP1c, 
expressed it stably in MRC5 human fibroblasts and T19 human 
fibrosarcoma cells and confirmed that it quantitatively reports 
DNA damage foci kinetics (Suppl. Fig. S1). In both MRC5 and 
T19 cells foci were dynamic, many sites appearing and disappear-
ing over time (Fig. 1A and B). Foci numbers per nucleus were 
variable, averaging 1.47 +/- 1.77 (M ± SD) in MRC5 and 2.45 
+/- 3.05 in T19. To analyse foci kinetics over the cell cycle, we did 
not synchronize cells because this may induce DNA damage and 
slow replication (reviewed in ref. 20) but used the morphologi-
cally distinct progression through metaphase as reference point 
(Fig. 1C and brightfield data not shown).17 In both MRC5 and 
T19 cells, all AcGFP-53BP1c foci disappeared prior to metaphase, 
presumably in prophase as judged by chromatin condensation and 
time interval to metaphase (Fig. 1C). No foci were distinguish-
able during progression of cells from prophase to metaphase (Fig. 
1C–E). The fact that total GFP fluorescence over the chromatin 
did not decrease during mitosis (Fig. 1C) suggested that 53BP1 
was released from foci rather than degraded. We used growth rate 
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Nuclear DNA damage foci indicate ongoing DNA damage response, which is the major inducer of cell cycle arrest, cellular 
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recruitment of 53Bp1 into γH2A.X-containing DNA damage foci was inhibited at G2/M. this suggests a possible mechanism 
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Figure 1. Kinetics of 53Bp1 foci in cycling cells. (A) Single cell AcGFp-53Bp1c foci numbers in unsynchronized MRC5 cells. each line represents the number 
of foci present in a single nucleus at a given timepoint. Each cell was followed for as long as they stayed in the field of view. Data are from two independent 
experiments. Mean number of foci per cell displayed as a bold black line. (B) Single cell AcGFp-53Bp1c foci numbers in t19 cells. Data shown as in (A). (C) 
Example image of AcGFP-53BP1c kinetics during cell division in T19. Time (h) relative to cell division is indicated. (D and E) Quantification of 53BP1 foci 
number per nucleus, relative to timing of cell division (t0) in t19 (D) and MRC5 (e) cells. Mean number of foci per nucleus (black lines) +/- SD (grey error 
bars) and Se (black error bars) as well as total number of cells recorded at each timepoint (red lines) are shown.
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and flow cytometry data to calculate cell cycle 
phase lengths in T19 (Fig. 1D). This showed 
that 53BP1 foci disappeared at the S-G
2
/M 
boundary. Average foci frequency in S phase 
was higher than in G
0
/G
1
, presumably result-
ing from stalled replication forks.21 There was 
no general foci loss at the G
1
/S boundary. 
This is in accordance with the fact that T19 
cells arrest in G
2
 following DNA damage22 or 
telomere uncapping (data not shown).
MRC5 cells have a much longer cell cycle 
than T19 (~50 h), which decreases the pre-
cision of G
1
 and S phase length estimates. 
Movement of cells out of the observation field 
did not allow us to obtain sufficient data on 
foci frequencies at the G
1
/S boundary.
The observed loss of 53BP1 foci in mitosis 
apparently contradicted previously observed 
results showing DNA damage foci in meta-
phase chromosomes by γ-H2A.X immunofluo-
rescence.18,19 Therefore, metaphase enriched 
fixed cells were analysed by γ-H2A.X immuno-
fluorescence and either AcGFP-53BP1c fluo-
rescence or anti-53BP1 immunostaining (Fig. 
2A). 53BP1 reporter and immunostaining gave 
identical results with respect to foci distribution 
or frequencies (data not shown). γ-H2A.X foci 
frequencies did not differ between interphase 
and metaphase (Fig. 2B), with 65% of cells in 
M phase containing at least 1 γ-H2A.X focus. 
By a qualitative evaluation, almost all γ-H2A.X 
foci in interphase nuclei (89%) were also posi-
tive for 53BP1, while only 14% of γ-H2A.X 
foci over metaphases co-localised with a weak 
Figure 2. γ-H2A.X foci are retained in 
metaphase, but 53Bp1 is lost. (A) Representa-
tive γ-H2A.X and 53Bp1 images of metaphase 
and interphase nuclei. top row shows overlay 
of DNA (blue) with γ-H2A.X (red) and 53Bp1 
(green), both of which are shown independently 
below. First column shows an AcGFp-53Bp1c 
expressing metaphase, second and third 53Bp1 
immunofluorescence on metaphases, and fourth 
column shows 53BP1 immunofluorescence on 
an interphase nucleus. Bar = 5 μm. (B) γ-H2A.X 
(grey) and 53BP1 (white) foci frequencies in in-
terphase and metaphase. Box plots show median, 
upper and lower quartiles (boxes) and percen-
tiles (whiskers). **p = 0.008 (Mann-Whitney U 
test). (C) Correlation between visually positive 
γ-H2A.X foci immunofluorescence intensities 
and the green fluorescence (53BP1) intensities 
recorded at the same site. Linear regressions with 
95% confidence limits are shown. Background val-
ues for γ-H2A.X channel were subtracted. 53Bp1 
channel fluorescence values shown as rendered, 
with a calculated nuclear background value of 67. 
Foci intensities in interphase nuclei fit a linear 
regression, p < 0.001.
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recently been shown to increase during mitosis, probably due to 
hyperphosphorylation of 53BP1.26 53BP1-MDC1 interaction is 
thought to be competitive with γ-H2A.X for the tandem BRCT 
domains, and therefore could be a means of ensuring removal of 
53BP1 from DSBs to inhibit DDR signalling in a cell cycle specific 
manner via checkpoint specific kinase phosphorylation of 53BP1. 
Alternatively, ubiquitylation of H2A via RNF8 or RNF168 may 
be inhibited at G
2
/M,4 allowing disassembly of the DDR down-
stream of H2A.X phosphorylation. However this might be, our 
data strongly suggest that for the G
2
/M and mitotic checkpoints 
to be passed, the cells must have no 53BP1 reported sites of DNA 
damage, and that these sites can be removed rapidly before enter-
ing M phase. Further work is required to elucidate the involve-
ment of ubiquitin signalling and cell cycle checkpoint kinases 
with 53BP1 and its role in regulating the G
2
/M checkpoint.
Material and Methods
Cells. MRC-5 human embryonic lung fibroblasts were from 
ECACC. T19 cells (a human HT1080 fibrosarcoma-derived cell 
line) containing a stably integrated dominant negative TRF2ΔBΔM 
expression cassette under the control of a Tet-off promoter27,28 
were a gift from T. de Lange, Rockefeller University, NY. T19 
cells were grown in the presence of 150 μg/ml geneticin (Fluka), 
with the addition of doxycycline to a final concentration of 200 
ng/ml to maintain transcriptional repression of TRF2ΔBΔM. T19 
cells at 50% confluency were transfected with Fugene6 (Roche) 
at a ratio of 3 μl Fugene: 2 μg DNA following the manufac-
turer’s instructions. 1 x 105 MRC5 cells were transfected with 1 
μg DNA using an Amaxa electroporator (Amaxa) with the manu-
facturer’s V-20 protocol. Two days after electroporation, stably 
integrated cells were selected with 400 μg/ml geneticin for 10 
days and maintained in medium supplemented with 50 μg/ml 
geneticin.
Plasmids. The vector pCMH6k53BP1,29 containing a full 
length cDNA of human 53BP1 (kindly given by K. Iwabuchi, 
Kanazawa Medical University) was digested with BglII and the 
fragment containing 53BP1 gel purified. A truncated 2.77 kb C 
terminal fragment of 53BP1 (containing the coding for both the 
TUDOR domains and BRCT domain) was then excised using 
an internal BamHI site and the XhoI site from the polylinker. 
This was ligated into the BamHI/XhoI sites of the polylinker of 
PENTR2A, a Gateway cloning Entry vector with an ampicillin 
resistance cassette replacing the kanamycin cassette in the origi-
nal vector, pENTR2B (Invitrogen). A mammalian expression 
vector was then produced using recombination with pG-AcGFP-
A derived from pAcGFP-C2 (Clontech) containing a Gateway 
destination cassette ‘a’ (Invitrogen) inserted into the polylinker at 
Ecl136II, to produce the vector pG-AcGFP-53BP1c.
Immunofluorescence and microscopy. For immunofluores-
cence, cells grown on coverslips were fixed with 4% paraform-
aldehyde and incubated with mouse monoclonal anti-γ-H2A.X 
(Upstate Biotechnology) or rabbit polyclonal anti 53BP1 (Cell 
Signalling #4937, recognizing an epitope within the C termi-
nal region utilised in pG-AcGFP-53BP1c) overnight at 4°C. 
Metaphase spreads were prepared as described.30 Slides were 
53BP1 signal. To standardize this evaluation quantitatively, we 
measured foci signal intensities (Fig. 2C). γ-H2A.X and 53BP1 
signal intensities were significantly correlated in interphase. 
This correlation was completely lost in metaphases. Whilst the 
distribution of γ-H2A.X signal intensities was unchanged, there 
were no 53BP1 signal intensities significantly above the average 
background nuclear signal (~67 on 16bit image after deconvolu-
tion) left in metaphases (Fig. 2C), indicating complete absence of 
53BP1 from DNA damage foci in metaphase.
Discussion
AcGFP-53BP1c produces nuclear foci in response to DNA 
insults (UV and IR), and these foci form and disappear at the 
same rate and with the same frequencies as γ-H2A.X foci mea-
sured by immunofluorescence.23 Monitoring DSB formation and 
repair in living cells allowed us to investigate foci kinetics during 
checkpoint passage. The G
2
/M boundary is easily observed micro-
scopically due to the clear disassembly of the nuclear membrane 
and rounding up of the cell prior to cytokinesis. Therefore we 
were able to measure the kinetics of 53BP1 foci as individual cells 
passed though this checkpoint and through mitosis without the 
need for potentially DNA-damaging synchronisation.
In contrast to an earlier report,24 we were unable to observe 
kinetochore associated foci during mitosis, either using 53BP1 
antibody in metaphases, or in our kinetic datasets with AcGFP-
53BP1c (which contains the equivalent human portion ascribed to 
kinetochore binding). It is possible but statistically highly unlikely 
that our timepoints were too far apart to record the transient foci 
at prophase. However, our cells were intact with respect to p53-
dependent checkpoint function and not treated with a double 
thymidine block that slows progression through S phase20 and 
may increase DNA damage foci frequencies already in interphase 
(compare Fig. 4 in ref. 24). Most available evidence indicates that 
checkpoint-competent cells do not tolerate high foci frequencies 
while cycling, however, some reports found γ-H2A.X foci in cells 
at the G
2
/M checkpoint and on metaphase chromosomes.17-19
We resolved this discrepancy by showing that γ-H2A.X foci are 
present in mitosis with the same probability as in interphase, but 
that these foci specifically lack 53BP1. This suggests that the sig-
nalling pathway downstream of H2A.X phosphorylation is inhib-
ited during passage through the G
2
/M checkpoint and mitosis.
It is not clear whether the foci devoid of 53BP1 in mitosis still 
mark sites of DNA damage or not. It is possible that all DNA 
damage has been repaired, but that γ-H2A.X labelling is removed 
slowly, possibly due to the condensed nature of the chromosomes 
during metaphase and anaphase.25 It is also possible that only 
the signalling towards the checkpoint machinery is inhibited by 
53BP1 removal, with DNA damage still present. This would be 
in accordance with the rapid re-appearance of complete foci after 
cytokinesis (Fig. 1C–E).
Our observation that 53BP1 diffuses throughout the cell after 
nuclear membrane breakdown without apparent loss of signal 
intensity suggests that 53BP1 is not degraded in mitosis, but 
removed from DNA damage foci. A strong candidate for con-
trolling this is the interaction of 53BP1 with MDC1, which has 
www.landesbioscience.com Cell Cycle 3383
intensity data were extracted using ImageJ (http://rsb.info.nih.
gov/ij/).
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analysed using a Leica DM5500B with a 63x 1.4 NA oil objec-
tive, capturing fluorescence images with a DFC360FX camera 
using LASAF software (Leica), and foci counts performed on 
deconvolved images (Huygens, SVI).
For live cell microscopy, cells were plated in glass coverslip 
bottomed dishes 1 day before utilisation, and microscopy was 
performed as described previously,31 except that images were 
acquired as z stacks for each timepoint. Foci numbers and times 
of appearance and disappearance were recorded from projected 
stacks of deconvolved images (Huygens, SVI). Fluorescence 
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